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Introduction {#sec1}
============

Cellular responses to external signals are often mediated by dynamic protein complexes that are assembled by cytoplasmic hub proteins following their recruitment to signal-activated transmembrane (TM) receptors ([@bib25], [@bib52]). Typically, these interactions are weak and reversible, and can be "head to tail," which results in open-ended polymerization, enabling hub proteins to assemble relatively large protein clusters without finite structures that are detectable as discrete puncta by light microscopy ("signalosomes") ([@bib4]). A salient molecular property of these signalosomes is their dynamicity, which renders them highly responsive to acute changes in cellular conditions: their hubs change phase between punctate and diffuse cytoplasmic within seconds, as judged by fluorescence recovery after photobleaching (FRAP) (e.g., [@bib25], [@bib39]). Thus, the polymerization of hub proteins increases their local concentration rapidly and dramatically, boosting their avidity for low-affinity binding partners, likely by lowering off-rates. This empowers them to interact with signaling effectors, even if these are present at a low cellular concentration.

One well-studied example is the Wnt signalosome, a dynamic signaling complex assembled by the hub protein Dishevelled upon binding of extracellular Wnt signals to its two TM receptors, low-density lipoprotein receptor-related protein 6 (LRP6) ([@bib5]) and Frizzled, a member of the large family of G-protein-coupled receptors (GPCRs) that transduce most signals in living systems ([@bib47]). Wnt signalosome assembly relies on reversible head-to-tail polymerization by the N-terminal DIX domain of Dishevelled ([@bib40]), which enables this hub to transduce Wnt signals to cytoplasmic effectors. These include β-catenin, which elicits transcriptional responses in dividing cells, but also "non-canonical" effectors (typically in non-dividing cells) that control fundamental properties of whole tissues, such as planar cell polarity (PCP) and convergent cell extensions ([@bib26]). The Wnt \> Dishevelled pathway is conserved from the most primate animals to humans; it specifies cell fates during normal embryonic development and in stem cell niches and can also cause disease if dysregulated; most notably, cancer ([@bib12]).

Dishevelled was discovered in flies that have a single paralog (Dsh), whereas humans have three (DVL1--3). In addition to DIX, Dishevelled has a PDZ domain (Post-synaptic density protein-95, Disc large tumor suppressor, Zonula occludens-1) and a DEP domain (Dishevelled, Egl-10, and Pleckstrin), separated by long flexible linkers peppered with phosphorylation sites, and also a binding motif for the AP2 clathrin adaptor ([@bib55]). Notably, AP2 and clathrin itself are crucial for signalosome assembly ([@bib21]) and for non-canonical Wnt signaling ([@bib54]), ascribing a key role to clathrin-coated pits in Wnt signal transduction (see [Discussion](#sec3){ref-type="sec"}).

The DIX domain is limited to the Wnt pathway, where it is also found in Axin, whose co-polymerization with Dishevelled via heterotypic DIX-DIX interactions triggers Wnt signal transduction ([@bib16]). Its closest structural relative is the PB1 domain, found in numerous signaling hubs from yeast to mammals, which can also undergo dynamic head-to-tail polymerization ([@bib4]). Notably, polymerization by DIX or PB1 results in the assembly of one-dimensional filaments (detectable by electron microscopy and biophysical methods); however, they manifest in cells as three-dimensional punctate structures ([@bib39]). Thus, their formation requires additional molecular interactions that cross-link individual filaments ([@bib41]), but these remain elusive.

Indeed, how signalosome polymerization is triggered by Wnt binding to its TM receptors remains a major unsolved question. An important step is, undoubtedly, the binding of Dishevelled to the intracellular face of Frizzled (FZD1--10 in humans; Fz1--4 in flies), which is pivotal for β-catenin-dependent and non-canonical Wnt responses ([@bib3]). A highly conserved KTxxxW motif in the cytoplasmic tail of Frizzled is crucial for plasma membrane (PM) recruitment of Dishevelled and for signal transduction to β-catenin ([@bib45]) and to non-canonical Wnt effectors ([@bib53]). Structurally, this motif maps to a short amphipathic α-helix (H8) found in most known GPCR structures, including Smoothened ([@bib48]), a Frizzled relative whose function is dedicated to Hedgehog signal transduction ([@bib38]). Biophysical in vitro assays revealed interactions between this motif and Dishevelled PDZ ([@bib51]) and DEP ([@bib44]), but whether these are needed for signalosome assembly in cells is unknown. Notably, Frizzled-dependent PM translocation of Dishevelled is blocked by a lysine-to-methionine mutation in DEP (e.g., [@bib1], [@bib54]), mimicking *Drosophila dsh*^*1*^, which causes PCP defects in fly tissues ([@bib1], [@bib6]), implicating the DEP-Frizzled interaction in Wnt signal transduction by Dishevelled. In the absence of Wnt, the DEP domain facilitates the ubiquitylation of Frizzled by the E3 ubiquitin ligase ZNRF3, which promotes the clathrin-dependent endocytosis of Frizzled and subsequent lysosomal degradation ([@bib19]), presumably safeguarding against fortuitous Frizzled-mediated signaling prior to Wnt signaling. Despite these fundamental roles of Dishevelled DEP prior to and following Wnt signaling, there is no clear understanding of its intrinsic molecular function or, indeed, of any DEP domain in other proteins whose roles in signal transduction seem curiously different in each case ([@bib14]).

To pin down this function, we undertook a detailed structure-function analysis of DVL2 DEP. Thus, we discovered that DEP dimerization is crucial for the assembly of functional signalosomes. Interestingly, DEP dimerization is based on domain swapping, as revealed by its crystal structure, whereby a DEP monomer extends its N-terminal α-helix to donate this to a second DEP recipient. Cell-based functional tests of dimerization mutants indicate that monomeric DEP binds to Frizzled, and we propose that DEP dimerization is triggered by a local high concentration following Wnt-dependent relocation of Dishevelled into clathrin-coated pits. The primary function of the DEP-dependent dimerization is the provision of cross-links between DIX polymers---an a priori requirement for the assembly of linear filaments into dynamic "punctate" phase-separated protein assemblies ([@bib25]), sometimes also called liquid droplets ([@bib52], [@bib7]).

Results {#sec2}
=======

DEP Dimerization Is Necessary and Sufficient for Signalosome Formation {#sec2.1}
----------------------------------------------------------------------

DIX-DIX interactions are weak (K~d~ mid-micromolar) ([@bib4]); they cannot occur at the sub-micromolar physiological concentrations of Dishevelled typically found in cells. Indeed, co-immunoprecipitation (coIP) between differently tagged DVL2 proteins is efficient, even if these lack the DIX domain (ΔDIX), and we mapped this additional (strong) interaction to the DEP domain whose deletion (ΔDEP) abolished the coIP between DVL2-GFP and FLAG-DVL2 ([Figure 1](#fig1){ref-type="fig"}A). Similar coIP assays with DVL2 truncations, and between ΔDEP and minimal DVL2 or *Drosophila* Dsh DEP, confirmed that DEP is necessary and sufficient for Dishevelled dimerization ([Figure S1](#mmc1){ref-type="supplementary-material"}, available online).

Remarkably, the DEP domain is also required for assembly of Wnt-independent Dishevelled signalosomes in cells ([Figure 1](#fig1){ref-type="fig"}B): distinct cytoplasmic puncta are observed in transfected HeLa cells overexpressing wild-type (WT) DVL2-GFP, but neither in a polymerization-deficient DIX mutant (M2M4) ([@bib40]), nor in cells expressing ΔDEP-GFP, although in the latter case, some puncta can be seen in a low fraction of transfected cells ([Figure 1](#fig1){ref-type="fig"}B). Since DVL2 needs to be punctate to recruit Axin ([@bib4]), we expected ΔDEP-GFP to be dysfunctional in signaling. This is the case: the signaling activity of ΔDEP-GFP, as measured by a β-catenin-dependent transcriptional reporter (called SuperTOP), is significantly reduced ([Figure 1](#fig1){ref-type="fig"}C), confirming previous results (e.g., [@bib36]). Its residual activity reflects DIX-dependent polymerization, which can evidently bypass its DEP dependence under overexpression conditions, in contrast to the polymerization-blocking mutant, which eliminates puncta ([Figure 1](#fig1){ref-type="fig"}B) and signaling to β-catenin ([@bib40]) ([Figure 1](#fig1){ref-type="fig"}C). Hereinafter, we shall use the term "signaling" to refer to β-catenin-dependent transcriptional activity.

We previously found that the substitution of DIX with a heterologous dimerization domain (called TPR, a leucine zipper from an oncogenic met receptor) failed to restore puncta formation and signaling of DVL2ΔDIX ([@bib40]). However, substituting DVL2 DEP with TPR (ΔDEP \> TPR) restored self-interaction in coIP assays ([Figure 1](#fig1){ref-type="fig"}D), as well as efficient puncta formation ([Figure 1](#fig1){ref-type="fig"}E) and signaling, above the level of WT DVL2 ([Figure 1](#fig1){ref-type="fig"}F). Notably, this DEP function is conserved in *Drosophila*, since the Dsh DEP domain fully substitutes for the activity of its human counterpart ([Figures 1](#fig1){ref-type="fig"}D--1F), while the DEP domains from the unrelated signaling proteins EPAC and Pleckstrin do not (M.V.G., unpublished data). Thus, two key mechanistic principles empower DVL2 to form functional signalosomes: polymerization by DIX, and dimerization by DEP, whereby the latter is required for the former to occur in cells.

DEP Forms a Domain-Swapped Dimer {#sec2.2}
--------------------------------

Previous solution and crystal structures of DEP ([@bib50], [@bib55]) revealed a small globular fold whose hydrophobic core is formed by three α helices (H1--H3; [Figure 2](#fig2){ref-type="fig"}A). These structures are almost identical, except for the orientation of a prominent loop (containing two β strands, β1 and β2, to be called "DEP finger") that projects outward from the core; a second shorter loop (containing β3 and β4) at the C terminus of H3 is tucked under the DEP core ([Figure 2](#fig2){ref-type="fig"}B, magenta). We used these structures to design 31 point mutations (mostly in surface-exposed residues) to block dimerization, but none of these reduced DEP coIP ([Table S1](#mmc1){ref-type="supplementary-material"}), suggesting an extensive DEP-DEP interface. This was somewhat surprising, given the compact fold of DEP.

Therefore, we took a structural approach to determine the DEP-DEP interface. Purifying lipoyl-tagged DEP (Lip-DEP~416--511~) by size exclusion chromatography (SEC), we observed two main peaks, corresponding to monomers and dimers (discussed later), in addition to a higher mass species. Thus, we crystallized the monomeric and dimeric fractions and determined three structures at 1.84--2.06 Å resolution ([Table S2](#mmc1){ref-type="supplementary-material"}). Remarkably, each structure exhibits a swapped dimer, regardless of the crystal form: namely, molecule A ([Figure 2](#fig2){ref-type="fig"}B, turquoise) donates H1 to the H2--H3 core of molecule B ([Figure 2](#fig2){ref-type="fig"}B, light turquoise) by extending loop 1, and vice versa. Thus, two DEP cores are connected by an extended β sheet, composed of two antiparallel β strands (each made up by a β1β2 tandem) that interact with each other through backbone atoms of residues 442--447 ([Figures 2](#fig2){ref-type="fig"}A and 2B). This dimer-specific interface is based on six new hydrogen bonds, which may bias the equilibrium toward the domain-swapped configuration. Indeed, dimerization does not involve any loss of intramolecular interactions, since β1 and β2 do not interact detectably in the monomer ([@bib50]). The relative configurations of the α helices are basically the same in the monomer and in our domain-swapped dimer structures, with a root-mean-square deviation (RMSD) of \<2.04 Å between monomer and dimer backbones (84 aligned Cα atoms).

Interestingly, the solvent-exposed "underside" of the connecting β sheet presents a hydrophobic patch, made up of a triad of hydrophobic amino acids (M443, L445, and I447) located at the DEP finger tip of the monomer ([Figures 2](#fig2){ref-type="fig"}A and 2C). In each crystal, two DEP dimers associate with each other through this hydrophobic patch, thus linking four DEP cores into a cross-shaped tetramer ([Figure 2](#fig2){ref-type="fig"}C). Presumably, the high protein concentration in the crystallization drops favored the tetramerization of DEP. According to PISA (protein interfaces, surfaces, and assemblies) ([@bib24]), the DEP tetramer should be stable in solution.

To test this, we used SEC-MALS (SEC with multi-angle light scattering). Thus, we confirmed that the molecular masses of the unfractionated and purified fractions correspond to monomers, dimers, and tetramers ([Figure 3](#fig3){ref-type="fig"}A; molar ratios, 4:2:1). At 4°C, the dimers proved to be stable, without any detectable dissociation over the course of several days. The hydrodynamic radius of the dimer determined during SEC-MALS confirmed that its shape in solution is larger than a typical globular fold of 44 kDa mass ([Figure 3](#fig3){ref-type="fig"}B), consistent with the extended configuration of the swapped dimer seen in the crystal.

The DEP-DEP interface is vast (burying 5,020 Å^2^) and elongated, as further supported by nuclear magnetic resonance (NMR) experiments: we observed pronounced exchange broadenings of numerous cross-peaks in BEST-TROSY ^1^H-^15^N correlation spectra of ^15^N-labeled DEP dimers in solution, whereas the spectrum of ^15^N-labeled monomer shows well-defined cross-peaks of even intensity, as reported previously ([@bib50]). Overlay of the monomer and dimer spectra (following peak assignments; [Figure S2](#mmc1){ref-type="supplementary-material"}) revealed that the peaks with strongest exchange broadening are located predominantly in the β sheet between the two DEP cores ([Figure S3](#mmc1){ref-type="supplementary-material"}).

Dimerization-Defective DEP Mutants Fail to Signal {#sec2.3}
-------------------------------------------------

To determine whether the DEP-dependent dimerization of DVL2 is required for its signaling activity, we adopted a strategy that was used extensively in other proteins to block domain swapping ([@bib37]), mutating the glycine at the base of the DEP loop to proline (G436P), to attenuate the extension of this loop needed for H1 exchange ([Figure 2](#fig2){ref-type="fig"}B). Indeed, G436P produces a folded soluble protein whose conformation is shifted significantly toward the monomeric state ([Figures 3](#fig3){ref-type="fig"}C and 3D). When introduced into full-length DVL2, G436P attenuates coIP in transfected HEK293T cells ([Figure 4](#fig4){ref-type="fig"}A) and reduces signaling and puncta formation to background levels, similarly to ΔDEP ([Figures 4](#fig4){ref-type="fig"}B and 4C). In the rare escaper cells that exhibit G436P puncta, these invariably fail to co-localize with FLAG-Axin ([Figure 4](#fig4){ref-type="fig"}D), and coIP with FLAG-Axin is barely detectable ([Figure S4](#mmc1){ref-type="supplementary-material"}), explaining why G436P fails to signal.

Notably, G436P is also unphosphorylated ([Figure 4](#fig4){ref-type="fig"}B), like two other DEP point mutations, E499G and D460K ([@bib28]). Dishevelled is heavily phosphorylated upon Frizzled association, and also when overexpressed, which has been ascribed to DEP function ([@bib36]), and although the physiological relevance of this modification remains unproven ([@bib2]), it provides a useful hallmark of signaling competence. Indeed, neither E499G nor D460K signal ([Figure 4](#fig4){ref-type="fig"}B), and both mutations cause predominantly diffuse GFP fluorescence, in some cases superimposed by puncta ([@bib28]) ([Figure 4](#fig4){ref-type="fig"}C), but these rarely co-localize with co-expressed FLAG-Axin ([Figure 4](#fig4){ref-type="fig"}D). Furthermore, FRAP assays revealed that they recover more slowly, and less fully, than WT DVL2-GFP puncta, and the two mutations also fail to co-immunoprecipitate with FLAG-Axin ([Figure S4](#mmc1){ref-type="supplementary-material"}). Thus, the E499G and D460K puncta are abnormal protein assemblies that neither interact with Axin nor signal. Importantly, like G436P, these two mutations severely attenuate dimerization of purified DEP in solution, shifting its equilibrium toward monomeric ([Figures 3](#fig3){ref-type="fig"}C and 3D). The disability of these mutants to dimerize explains their defects in signaling.

The dimerization defect resulting from mutating E499 and D460 can be rationalized by a striking salt-bridge network between their negatively charged side chains and the guanidinium group of a key arginine (R472; [Figure 2](#fig2){ref-type="fig"}B, inset). These salt bridges constrain the rotamer conformation of R472, which is tilted toward E499G and D460K (rather than projecting freely into the solvent). Notably, E499 is located on the loop between β3 and β4, and its salt bridge with R472 appears to be mainly responsible for tucking this loop under the DEP core. Removing this key interaction might predispose this loop to "flapping," which could attenuate dimerization and destabilize the DEP core. This key interaction between E499 and R472 is likely to be affected by D460K, albeit indirectly, via a destabilizing effect of this mutation on the whole salt-bridge network, which may explain why D460K is slightly less dysfunctional than E499G in some of our assays. We cannot determine whether this salt-bridge network also forms in the DEP monomer because the resolution of the monomer structures is too low, but it appears dispensable for the stability of the monomeric fold, judging by the relatively conservative changes in the NMR spectra of E499G and D460K compared to WT ([Figure S2](#mmc1){ref-type="supplementary-material"}).

To test whether DEP tetramerization is required for DVL2 signaling, we designed a triple-alanine mutation of the hydrophobic triad (MLI \> AAA), and a substitution of the central triad residue to glutamic acid (L445E), which should repel tetramerization. We confirmed by SEC-MALS that both mutations block tetramerization of purified DEP, although neither affects dimerization ([Figures 3](#fig3){ref-type="fig"}C and 3D). In coIP assays, the level of DVL2 self-association is reduced to background levels ([Figure 4](#fig4){ref-type="fig"}A), indicating that the DEP dimers formed by these mutants in vitro ([Figures 3](#fig3){ref-type="fig"}C and 3D) are not stable in vivo. Their signaling activities are somewhat reduced ([Figure 4](#fig4){ref-type="fig"}B); nevertheless, they form puncta, albeit superimposed on a slightly higher level of diffuse fluorescence compared to DVL2-GFP ([Figures 4](#fig4){ref-type="fig"}C and 4D), signifying dysfunctional signalosome assembly. Also, some proportion of the L445E and MLI \> AAA puncta fail to recruit FLAG-Axin ([Figure 4](#fig4){ref-type="fig"}D, "Merge" panels), consistent with the attenuated signaling activity of these mutants. Nevertheless, DEP-dependent tetramerization is clearly less important than dimerization for signaling by Dishevelled, consistent with our result that its dimerization by a heterologous module restores efficient signaling of ΔDEP ([Figures 1](#fig1){ref-type="fig"}E and 1F).

DEP Recruitment Requires an Extensive Intracellular Surface of Frizzled {#sec2.4}
-----------------------------------------------------------------------

DVL1 DEP binds to the KTxxxW motif and to the adjacent intracellular loop 3 (ICL3) of FZD5 ([@bib44]). We decided to further refine this binding site by adopting the same FZD-dependent membrane translocation assay in transfected HEK293T cells. We confirmed that the minimal DEP domain (DEP~414--507~-GFP) is recruited to co-overexpressed PM-associated SNAP-FZD5 as efficiently as DVL2-GFP ([Figure 5](#fig5){ref-type="fig"}A) and that this recruitment is blocked by mutations in KTxxxW ([@bib44]) ([Figure 5](#fig5){ref-type="fig"}B). Notably, T526A does not affect in vitro binding of purified Dvl PDZ to FZD7 KTxxxW peptides ([@bib33]), arguing against PDZ being the functionally relevant ligand of this motif in vivo. Indeed, we cannot detect any FZD5-mediated PM recruitment of a minimal DVL2 PDZ domain (PDZ~248--353~-GFP), even after stimulation with Wnt3a ([Figure 5](#fig5){ref-type="fig"}A), as previously shown ([@bib30], [@bib44]), confirming DEP rather than PDZ as the DVL2 domain binding to Frizzled. This is fully consistent with previous studies that internal DEP, but not PDZ, deletions of Dishevelled abolish its PM recruitment and signaling to β-catenin ([@bib1], [@bib36]). Our results further confirm that the DEP-Frizzled interaction does not rely on Wnt binding to Frizzled ([@bib19]). Indeed, DEP recruitment to FZD5 is less pronounced even after a short pulse of Wnt3a ([Figure 5](#fig5){ref-type="fig"}A), indicating that Wnt binding to Frizzled weakens its interaction with DEP.

We generated an additional 20 alanine (or threonine) substitutions in FZD5, guided by a systematic alanine scanning screen that identified residues in rat Fzd1 required for signaling in *Drosophila* S2 cells ([@bib13]), by *fz* and *fz2* alleles isolated in genetic screens in *Drosophila* ([@bib32], [@bib43]), while also re-testing some previous FZD5 mutants ([@bib44]). We thus confirmed that L443A and L446A (in ICL3; [Figure 5](#fig5){ref-type="fig"}C) block DEP recruitment to FZD5, although mutations of I429 and V432 in the upstream segment of this loop had no effect in our hands ([Figure 5](#fig5){ref-type="fig"}B). We also identified additional residues in ICL1 and ICL2 that block, or significantly reduce, DEP recruitment to FZD5, while other residues within or flanking H8 had no effect ([Figures 5](#fig5){ref-type="fig"}B and 5C). Also dispensable are residues near the base of TM3, which, in class A GPCRs, engages in direct contact with Gs ([@bib9], [@bib34]) ([Figures 5](#fig5){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}), suggesting that G proteins are not required for DEP binding to Frizzled (see also [Discussion](#sec3){ref-type="sec"}).

Five of the FZD5 residues whose mutation disabled DEP recruitment also exhibited defects in expression or modification of FZD5 ([Figure 5](#fig5){ref-type="fig"}C, orange), most notably, two (T256A and W520A) whose topological equivalents in Smoothened engage in a key structural interaction ([@bib48]): T256A fails to give rise to full-length product, and W520A is barely expressed ([Figure 5](#fig5){ref-type="fig"}B, top). Other mutants lack the slowly migrating species seen with WT FZD5 ([Figure 5](#fig5){ref-type="fig"}B, top) likely to reflect glycosylated FZD5 and, thus, may not traffic normally through the endoplasmic reticulum and Golgi compartment to the cell surface. This could explain their failure to recruit DEP, given that only the PM-associated FZD5, but not the cell-internal FZD5 pool, is able to recruit DVL2 or DEP ([Figure 5](#fig5){ref-type="fig"}A). However, the remaining eight mutations ([Figure 5](#fig5){ref-type="fig"}C, red) do not majorly affect the expression or modification of FZD5, and thus delineate its DEP binding site, which spans the base of TM7 and proximal H8, plus adjacent residues from all three intracellular loops ([Figure 5](#fig5){ref-type="fig"}D). Notably, seven of these residues are either large hydrophobic or invariant among human FZD paralogs, but four of them are distinct in Smoothened ([Figure S5](#mmc1){ref-type="supplementary-material"}). This explains why Smoothened recruits neither DEP-GFP nor DVL2-GFP in our assays (M.V.G., unpublished data), consistent with the genetic evidence that Dishevelled does not transduce Hedgehog signals.

DEP Dimerization Is Dispensable for Dishevelled Binding to Frizzled {#sec2.5}
-------------------------------------------------------------------

Next, we asked whether the Frizzled-DEP interaction depends on DEP dimerization. Our attempts to investigate this interaction by NMR were unsuccessful (see [Supplemental Information](#app3){ref-type="sec"}). Therefore, we resorted to a previously developed blocking assay ([@bib30], [@bib44]), which was used to demonstrate that overexpressed DEP, but neither PDZ nor DIX, blocks the Wnt-dependent signaling activity of endogenous Dishevelled. Indeed, overexpressed DEP-GFP reduces the signaling of endogenous DVL to ∼25% of the GFP controls ([Figure 6](#fig6){ref-type="fig"}A), consistent with the robust interaction of DEP-GFP with FZD5 ([Figure 5](#fig5){ref-type="fig"}A).

Strikingly, the DEP dimerization mutants proved fully active in blocking signaling by endogenous DVL, while the tetramerization mutants failed to do so ([Figure 6](#fig6){ref-type="fig"}A). In support of this, the dimerization mutants are recruited to FZD5 as efficiently as WT DEP-GFP, while the tetramerization mutants remain cytoplasmic ([Figure 6](#fig6){ref-type="fig"}B). We noticed that the residues mutated in the latter map to a single coherent patch on the "palm-facing" surface of the DEP finger in the monomer, with L445 at its tip ([Figure 6](#fig6){ref-type="fig"}C). Its neighbor, K446M (mimicking *dsh*^*1*^), also fails to block signaling by endogenous DVL ([Figure 6](#fig6){ref-type="fig"}A), consistent with previous results (e.g., [@bib44]), as do alanine substitutions of W444 and R442, solvent-exposed residues that are located further proximally on the DEP finger ([Figures 6](#fig6){ref-type="fig"}A and 6C). Together, these mutants define the DEP finger as a key structural element mediating Frizzled binding. Remarkably, the very same element is crucial for tetramerization ([Figures 3](#fig3){ref-type="fig"}C and 3D), indicating that DEP tetramerization and Frizzled binding are mutually exclusive (see [Discussion](#sec3){ref-type="sec"}). Indeed, DEP dimerization is clearly dispensable in these assays ([Figures 6](#fig6){ref-type="fig"}A and 6B), implying that the DEP domain binds to Frizzled as a monomer.

Discussion {#sec3}
==========

We discovered a conformational switch of Dishevelled based on DEP domain swapping, which is essential for the assembly of functional signalosomes and for Wnt signal transduction to the nucleus. DEP-dependent dimerization of Dishevelled leads to tetramerization, which is mutually exclusive with binding to Frizzled. It also boosts the local concentration of the linked DIX by at least 4-fold, which increases its avidity for Axin DIX, facilitating hetero-polymerization between the two DIX domains---the key step initiating stabilization of β-catenin. DEP-dependent domain swapping is also critical for Wnt-dependent signaling activity in complementation assays based on physiological re-expression of DVL2 in DVL triple-knockout cells (M.V.G., unpublished data; see [Figure S6](#mmc1){ref-type="supplementary-material"} for full reference details). Integrating our results with previous discoveries of the pivotal role of AP2μ and clathrin in Wnt signaling ([@bib21], [@bib54]), we propose a mechanistic model according to which clathrin-coated pits initiate signalosome assembly and Wnt signal transduction by catalyzing domain swapping by Dishevelled DEP ([Figure 7](#fig7){ref-type="fig"}).

Clathrin-Coated Pits as Locales for Wnt Signalosome Assembly {#sec3.1}
------------------------------------------------------------

The heterotetrameric AP2 clathrin adaptor associates with the PM by binding to phosphatidylinositol-4,5-phosphate (PtdIns4,5P~2~) via its two large subunits (α and β) and recruits clathrin (via β) to form clathrin-coated pits ([@bib22], [@bib29]). PtdIns4,5P~2~ binding induces a conformational change of its μ subunit, allowing it to bind cargo. One such cargo is LRP6, which binds to AP2μ via a highly conserved YxxΦ motif in its cytoplasmic tail; like clathrin itself, AP2μ is essential for signalosome assembly and Wnt signal transduction to β-catenin ([@bib21]). Clathrin's binding to AP2β provides a second (indirect) molecular link between AP2 and LRP5/6, resembling a so-called chelate effect. Chelate effects consolidate the transient weak interactions between clathrin, its adaptors, and their cargoes ([@bib29]) and, thus, promote the growth of clathrin-coated pits whose maturation is reinforced by further interaction networks between their components until they eventually pinch off as vesicles ([@bib22]). The association between LRP5/6 and AP2-clathrin is biochemically stable ([@bib21]), suggesting that LRP5/6 is poised as a linchpin in nascent pits to transduce Wnt signals to β-catenin. By contrast, Frizzled does not contain any recognizable motifs that would allow it to associate with AP2 or clathrin directly. However, Frizzled could be relocated to pit-associated LRP6 by Wnts that bind simultaneously to the extracellular domains of Frizzled and LRP6 (e.g., [@bib11]). Indeed, linking Frizzled to LRP5/6 may be the single most important function of Wnts in triggering signal transduction (discussed later).

Dishevelled can also bind to μ2 through a conserved YxxΦ motif downstream of DEP ([@bib55]) ([Figures 2](#fig2){ref-type="fig"}A and 2B), which facilitates non-canonical Wnt signaling ([@bib54]). However, this interaction appears to be weak ([@bib55]) and does not sustain a biochemically stable complex with LRP6-containing signalosomes ([@bib5]), and it may, therefore, only permit a fleeting association of Dishevelled with clathrin-coated pits. Furthermore, we cannot detect any functional requirement for the μ2-binding YHEL motif in any of our assays, including those dependent on Wnt ([Figures S6](#mmc1){ref-type="supplementary-material"} and [S7](#mmc1){ref-type="supplementary-material"}), arguing against this interaction mediating the recruitment of Dishevelled to pit-associated LRP6. Rather, we envisage that Dishevelled is relocated passively to clathrin-coated pits, via binding to Frizzled. We note that, once recruited to these pits, Dishevelled can provide further chelation by increasing the local concentration of PtdIns4,5P~2~ by interacting with PtdIns-4-phosphate-5-kinase-1 and activating it toward its substrate PtdIns4P ([@bib31], [@bib18]).

Catalysis of Signalosome Assembly by Swapped Dimerization {#sec3.2}
---------------------------------------------------------

Dimerization by domain swapping requires (1) a high monomer concentration and (2) conformational instability of the swapping element in the monomer ([@bib37]). The first condition is met by the clathrin-coated pits in which multiple Dishevelled molecules are juxtaposed ([Figure 7](#fig7){ref-type="fig"}), potentially reaching a very high local concentration which could be sufficient to induce DEP dimerization. Thus, they mimic the conditions during DEP crystallization, which inexorably induced domain swapping.

The second condition may be met if Wnt binding to Frizzled were to open up its intracellular face, similarly to other agonists binding to GPCRs ([@bib47]), thereby weakening the DEP-Frizzled contact. This is plausible, given that DEP recruitment to FZD5 decreases upon Wnt stimulation ([Figure 5](#fig5){ref-type="fig"}A) and that DEP binding depends on the base of FZD5 TM7, which is pivotal for signal transduction in Smoothened and other GPCRs ([Figure S5](#mmc1){ref-type="supplementary-material"}) ([@bib48]). If so, this would release the DEP finger and H1, the element being swapped during dimerization ([Figure 2](#fig2){ref-type="fig"}B), freeing it up for "conformational breathing."

Clathrin-coated pits, thus, provide both conditions necessary for triggering domain swapping of incoming DEP. Notably, domain swapping tends to be unidirectional, since the dimer, once formed, is typically more stable than the monomer ([@bib37]). This also applies to DEP, given that its domain swapping creates a new interface, providing additional binding energy and bias toward the dimer. This bias is strongly reinforced by DEP tetramerization, which engages multiple residues that are crucial for Frizzled binding, thereby preventing re-binding of DEP to Frizzled. This mechanism of domain swapping by DEP is, therefore, an elegant structural device to achieve unidirectional regulation---a fundamental property needed for signal transduction. Owing to its unidirectionality, domain swapping drives β-sheet-dependent aggregation in neurogenerative disease, but the DEP domain provides a rare example where this mechanism controls a physiologically relevant process ([@bib37]).

Maturation of Wnt Signalosomes {#sec3.3}
------------------------------

As mentioned, the boost in local concentration of Dishevelled by tetramerization could enable it to homo-polymerize and to hetero-polymerize with Axin, thereby recruiting Axin to clathrin-coated pits and into the proximity of the cytoplasmic LRP5/6 tail ([Figure 7](#fig7){ref-type="fig"}) whose phosphorylated PPPSPxS motifs constitute high-affinity Axin docking sites ([@bib26]). LRP6 phosphorylation depends on polymerized Dishevelled and is imparted by CK1γ ([@bib5]), which may reside in nascent pits owing to a conserved YxxΦ motif (Y~322~DWI) in its unstructured N terminus. Once phosphorylated, PPPSPxS binds directly to the catalytic cleft of GSK3 to block its activity ([@bib42]), which allows β-catenin to accumulate and to co-activate transcription in the nucleus.

Thus, Dishevelled-Axin heteropolymers remain tethered to the plasma membrane via multivalent interactions between AP2 and the various components of these Wnt signalosomes until they eventually detach ([@bib17]), possibly as a result of phosphorylation of the relevant AP2-binding motifs, as in other examples of AP2 cargoes ([@bib22], [@bib29]). This gives rise to cytoplasmic puncta (e.g., [Figure 1](#fig1){ref-type="fig"}B), which may continue to signal by sequestering Axin and antagonizing its activity in re-assembling degradasomes ([@bib16]). However, it is also conceivable that the cytoplasmic signalosomes are no longer active in transducing a Wnt signal, being merely the remnants of the pit-associated active signalosomes.

Roles of Arrestin or G Proteins in Signalosome Assembly? {#sec3.4}
--------------------------------------------------------

We considered the possibility that the DEP dimerization may require a Frizzled ligand that competes with DEP binding to release the DEP monomer from Frizzled. We ruled out Dishevelled PDZ, because this domain fails to bind to Frizzled ([@bib30], [@bib44]) ([Figure 5](#fig5){ref-type="fig"}A). β-arrestin-2 (β-arr2) was another candidate, since this Arrestin paralog binds to Frizzled in a Dishevelled-dependent way ([@bib10]) and is important for Wnt signal transduction to β-catenin ([@bib8]). However, the Arrestin-binding site, as determined in rhodopsin ([@bib20]), appears to overlap extensively with the DEP-binding site in FZD5 ([Figures 5](#fig5){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}), implying mutually exclusive binding. β-arr2 is, thus, unlikely to catalyze signalosome assembly, but it may function subsequently during signalosome maturation, e.g., by blocking the re-binding of monomeric DEP to Frizzled, thereby reinforcing the equilibrium shift to to dimeric DEP.

G proteins could also potentially participate in DEP-dependent signalosome assembly, although their role in Wnt signal transduction remains uncertain ([@bib15]). Notably, none of the Frizzled proteins contain a DRY motif, found in TM3 of all class A GPCRs ([@bib47]) and crucial for binding to Gs via a direct contact between its C terminus and the central arginine of this motif ([@bib9], [@bib34]). Indeed, the G protein interfaces of these two class A GPCRs are similar to one another, and their projections onto FZD5 suggest extensive overlap with its putative DEP interface ([Figures 5](#fig5){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}). Again, this implies mutually exclusive binding and argues against a role of G proteins in catalyzing DEP-dependent Wnt signalosome assembly.

Cross-Linking of DIX Filaments by DEP Dimerization {#sec3.5}
--------------------------------------------------

The DEP-dependent dimerization of Dishevelled can provide the cross-links between DIX filaments requisite for networking them into three-dimensional signalosome structures. Therefore, it appears that the linkage of DIX polymers by DEP dimerization both catalyzes assembly of Wnt signalosomes and promotes their growth into large efficient signaling platforms with high avidity for signaling effectors. Therefore, the molecular design principle underlying Wnt signalosome assembly is beautifully parsimonious, hinging primarily on the co-operation of two domains in a single hub protein and on swapped dimerization, ensuring unidirectionality of signal transduction. Notably, the Wnt signaling pathway is one of a handful of ancient cell communication pathways found even in the most primitive animals that lack axes and tissues ([@bib35]). The mechanistic simplicity of the Wnt signalosome may, therefore, reflect a primordial design principle.

Experimental Procedures {#sec4}
=======================

Plasmids and Antibodies {#sec4.1}
-----------------------

The following plasmids were used: human DVL2-GFP and FLAG-Axin ([@bib16]); FLAG-DVL2, E499G, K446M, and D460K ([@bib28]); and SNAP-FZD5 ([@bib23]). DEP-RFP (red fluorescent protein) was generated by subcloning DEP into DsRed. DEP and FZD5 mutants were generated by standard procedures and verified by sequencing. The following antibodies and resins were used: α-FLAG, α-tubulin, and α-GFP (Sigma); α-actin (Abcam); and α-SNAP (NE Biolabs).

Cell-Based Assays {#sec4.2}
-----------------

HEK293T, HeLa, and COS-7 cells were cultured and transfected, and coIPs were conducted essentially as described previously ([@bib28]). Single confocal images were acquired at identical settings with a Zeiss Confocal Microscope. For SuperTOP assays ([@bib46]), HEK293T cells were lysed 16 hr after transfection and analyzed with the Dual-Glo Luciferase Reporter Assay (Promega) according to the manufacturer's protocol. Values were normalized to Renilla luciferase and are shown as mean ± SEM relative to vector controls.

Protein Purification, Biophysics, and Crystallography {#sec4.3}
-----------------------------------------------------

Lip-DEP~416--511~ was expressed in *E. coli* BL21-CodonPlus(DE3)-RIL cells (Stratagene) and purified essentially as described previously ([@bib16]), and the tag was removed by tobacco etch virus (TEV) protease for NMR and crystallography ([Supplemental Information](#app3){ref-type="sec"}). SEC-MALS was performed in PBS, using a GE Superdex S-200 10/300 analytical column, and analyzed as described previously ([@bib27]). The NMR spectroscopy is described in the [Supplemental Information](#app3){ref-type="sec"}.
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![Assembly of Functional Signalosomes by DEP Dimerization\
(A) Western blots of immunoprecipitates (IPs) of FLAG-DVL2 or DVL2-GFP (resin indicated above panels) after co-expression in HEK293T cells (lysed 24 hr after transfection), probed with antibodies as indicated on the right; above, cartoon of DVL2 constructs and summary of binding. wt, wild-type.\
(B) Confocal images of representative HeLa cells (fixed 18 hr after transfection), co-expressing WT or mutant DVL2-GFP as indicated; below, quantitative analysis of transfected cells (classed as predominantly diffuse, diffuse plus punctate, or predominantly punctate). n, number of cells scored.\
(C) SuperTOP assays of HEK293T cells, expressing WT or mutant DVL2-GFP (as indicated; above, corresponding western blot). ev, empty vector control.\
(D) CoIP assays as in (A), confirming DVL2 self-association via TPR or Dsh DEP (hatched).\
(E) Confocal images and quantitation of results as in (B) (100 cells scored).\
(F) SuperTOP assays as in (C).\
Error bars indicate SEM of more than three independent experiments. Scale bars, 10 μm. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![DEP Dimerization by Domain Swapping\
(A) Sequence alignment of DEP domains (all human except for Dsh DEP); indicated are secondary structure elements (above) and conserved (highlighted) and mutated (colored) residues.\
(B) Top: structure of DEP dimer (in ribbon representation), revealing domain swapping. Secondary structure elements are labeled in molecule A (dark turquoise); L445 and K446 are shown (in stick) in molecule B (light turquoise). Bottom: structure is superimposed on DEP monomer (maroon). Inset, salt-bridge network, with key residues in stick (red indicates oxygen; blue indicates nitrogen).\
(C) Structure of DEP tetramer (top dimer as in B; bottom dimer in electrostatic surface representation); inset, hydrophobic triad (residues in stick, labeled in molecule A).\
See also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![SEC-MALS of Purified DEP Domain\
(A) Elution profiles of unfractionated (gray) Lip-DEP~416--511~ revealing multiple species, or of monomeric (blue), dimeric (red), or tetrameric (green) Lip-DEP~416--511~ after purification, and calculated average molecular masses of peak material (above peaks; numbers in brackets indicate expected molecular masses).\
(B) Analysis of protein hydrodynamic radius (rh), indicating a globular fold of DEP monomer (blue), but an extended conformation of DEP dimer (red); black and gray lines indicate rh values based on protein size proposed for folded globular and unfolded proteins ([@bib49]).\
(C) Elution profiles of wild-type (wt) and mutant Lip-DEP~416--511~.\
(D) Summary of results.\
See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![DEP Dimerization Mutants Fail to Assemble Functional Signalosomes\
(A) CoIPs as in [Figure 1](#fig1){ref-type="fig"}A, confirming reduced self-association of dimerization (D460K, E499G, and G436P) and tetramerization (L445E, MLI \> AAA) mutants; p-DVL2, phosphorylated DVL2 (above red dotted lines).\
(B) SuperTOP assays and corresponding western blot, as in [Figure 1](#fig1){ref-type="fig"}C.\
(C) Quantitation of transfected HEK293T cells, as in [Figure 2](#fig2){ref-type="fig"}B (for results from HeLa cells, see [Figure S4](#mmc1){ref-type="supplementary-material"}).\
(D) Confocal images of representative HeLa cells co-expressing DVL2-GFP (green) and FLAG-Axin (red), fixed and stained with α-FLAG antibody 18 hr after transfection; arrows in merged mark DVL2 puncta without Axin.\
Error bars indicate SEM of more than three independent experiments. Scale bars, 10 μm. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![FZD5 Residues Required for DEP Recruitment\
(A) Confocal images of HeLa cells, co-expressing DVL2-GFP, GFP-PDZ, or DEP-GFP (top) with SNAP-FZD5 (bottom), fixed and stained with α-SNAP antibody as in [Figure 4](#fig4){ref-type="fig"}D; WCM, Wnt3a-conditioned medium (30 min before fixation); arrows indicate FZD5-dependent PM recruitment. Scale bar, 10 μm.\
(B) Quantitation of FZD5-dependent PM recruitment of wild-type (wt) or mutant DEP-GFP (100 cells scored in each case) and corresponding western blots (from two independent experiments, juxtaposed as indicated by dotted lines; orange indicates low expression, lack of modification, or proteolysis).\
(C) Cartoon of FZD5; highlighted are residues required (red or orange if abnormally expressed or unmodified) or dispensable (turquoise) for DEP recruitment (see B). Arrowheads indicate *fz* or *fz2* alleles; bracketed are regions contacting Arrestin (purple) or Gs (green) in class A GPCRs (see [Figure S5](#mmc1){ref-type="supplementary-material"}). TWF (green), topological equivalent of DRY; term, terminal.\
(D) On-view of putative DEP interface of FZD5 (modeled on PDB: [4JKV](pdb:4JKV){#intref0030}; see [Figure S5](#mmc1){ref-type="supplementary-material"}), as defined by residues required for DEP recruitment (red in B, colored in rainbow according to location).](gr5){#fig5}

![DEP Dimerization Is Dispensable for FZD5 Binding\
(A) SuperTOP assays and corresponding western blot, as in [Figure 1](#fig1){ref-type="fig"}C (+ WCM indicates treatment as in [Figure 5](#fig5){ref-type="fig"}A). ev, empty vector control; wt, wild-type.\
(B) Confocal images of HeLa cells, as in [Figure 5](#fig5){ref-type="fig"}A; arrows indicate FZD5-dependent PM recruitment.\
(C) Structure of DEP monomer ([@bib50]); red indicates loop 1 residues (in stick) required for blocking activity in (A).\
Error bars indicate SEM of more than three independent experiments. Scale bar, 10 μm.](gr6){#fig6}

![Model of Wnt Signalosome Assembly\
Wnt OFF (left): monomeric DEP binds Frizzled to mediate ZNRF3-dependent downregulation; LRP5/6 is poised in nascent clathrin-coated pits via association with AP2μ. Wnt ON (right): (A) juxtaposition of multiple monomeric Dishevelled molecules in nascent pits triggers dimerization by DEP domain swapping, which initiates DIX-dependent polymerization and Axin co-polymerization, leading to the assembly of an active Wnt signalosome in which GSK3 is inhibited (see also [Discussion](#sec3){ref-type="sec"}). For clarity, only one complex is shown in (B), and clathrin is omitted.](gr7){#fig7}
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